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PRELIMINARY INVESTIGATION OF THE "FREEZE-CASTING" METHOD

FOR FORMING REFRACTORY POWDERS
By W. A. Maxwell, R. S. Gurnick, and A. C. Francisco

SUMMARY

A method of preparing intricately shaped objects such as turbo-
supercharger blades from refractory powders was investigated. The
method conslists In preparing an extremely thick slip of such materials
as titanium carblde with a small amount of binder, casting the slip
into a mold, and freezlng to retain the shape of the casting. The
casting is then drled by sublimation and may subsequently be sintered
by conventlonal means.

It was found possible to cast high-solld-content slips by employing
vibration during the casting process. Turbosupercharger blades of
good appearance and free from radlographic flaws were produced. The
production of sound bodles depends on a dry casting of high density.
Factors affecting the density of a casting before sintering are a high
ratlo of powder to liquid in the casting slip, maximum particle size
of the powder, deaeration of the slip, and the use of vibration to
increase the flow of the high-solid-content slip.

INTRODUCTION

Many of the refractory carbldes, oxldes, silicides, and cermets
possess outstending strength and oxidation resistance at high tempera-
tures and are promlsing for turbine-blade use. In addition, a large
number of them are prepared from noncritical masterials.

The applicatlon of cermets and ceramics to turbine components
where physical properties permlt 1s predicated on high rates of
production at reasonable cost. Conventional metallurglicel casting
technlques cannot be used because of the elevated melting points
and the lack of suitable mold materials.

Because of the uniform high hardness and room-temperature brittle-
ness of the materlals, present methods of forming consist essentially
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in grinding elther fully or semisintered blenks to shape. Despite the
recent developments of arc machining and similar techniques (ref. 1),
machining of the complex turbine-blade airfoll from a fully sintered and
fully hard blank does not appear attractive. Machining or grinding of
pressed or semlsintered blanks 1s more easily accomplished. During the
subsequent sgintering, the blank l1s subject to possible distortiom,
cracking, and shrinkage.

A survey of the literature indicates that at present there is no
satisfactory method for the production of fully formed turbine blades
dlrectly by cold- or hot-pressing. Slip casting offers a method for
the production of fully formed blades without the subsequent removal of
appreciable amounts of material. The slip-casting process consists
briefly In preparing & sllip or suspension of thé powder in water. The
8llp 1s then poured Intc an absorbent plaster-of-paris mold.

As the water ls absorbed into the mold, the solid particles build
up on the mold surface. The amount of solids deposited depends on the
time permitted for absorption; and for obJjects such as turbine blades,
the mold would be kept completely filled until a solid casting results.
An important disadvantage of the process is that the particle sizes
necessary for optimum casting, or sintering, properties may not be the
geme. Other dlsadvantages are that the powders may segregate during
cagting or absorption, especially in solid castings, and that low "green™
densities with resulting high shrinkeges and danger of distortion are
frequently obtained. While such oxides as beryllis and alumins have
been successfully cast and cermet combinations have been cast on an
experimental basls, there appears to be no commercial slip casting of
metallic materlals; and the applicabllity of the comventional slip-
casting techniques to all the materisls of interest has not been
demonstrated.

It appeared that the slip-casting process might be modlflied so as
to apply tc a wider range of materials and particle sizes. To do this
1t seemed essential to remove the necessity of forming & suspension of
the powder. The liquid used would then provide only fluildity and if
the quantity of liquid could be sufficiently reduced, absorptlon into
the mold would not be essentlal. To retain the shape of the cast object
so as to permlt its removal from the mold, it would be necessary to have
the 1liquid set or contaln a setting binder. Another altermative was to
freeze the casting and to remove the object while the liquid was in the
solid state. The frozen liquid would then serve as a temporary binder
wlth another conventional binder included in the slip to retain the.
shape of the drled casting.

Freezing a fluld slip in a mold appesred feasible but seversal other
problems remained. The iInvestigation of these problems comprise the basis
of this Investigation. The most important problems are:

2855



SS8e

CC-1 back

NACA RM ES53L21 3

(1) Casting a slip with little or no fluidity

(2) Eliminstion of distortion and cracking while drying
(3) Removal of the frozen castings from the mold

(4) Selection of a suitable binder

In view of the large number of variasbles Involved and the modifl-
oations of techniques possible, the investigatlion as conducted at the
NWACA Lewils laboratory was limited to these problems and to determining
the general feasibllity of the method for producing sound specimens,
using radlographlic examinatlon as the criterion.

The types of casting Investigated were:

(1) Single component, completely sintered turbosupercharger blades,
using molybdenum dlsilicide and molybdenum metel to represent
thls type of material

(2) Partially sintered tltanium carbide blades for subsequent
Infiltration with metal to prepare a cermet body

(3) Composite blades of aluminum oxide and metal to Investigate
the possibility of preparing a blade with a ductile alloy
root and & ceramilc blade

PROCEDURE AND COMMENTS
Freeze-Casting Method

The freeze-casting method as developed 1s shown on flowsheet form
in figure 1 and the processes are dlscussed in order as shown. The
powders employed with thelr particle silzes are listed in table I.

Mixing of slip. - A water solution of starch was added to the
powder from a burette in quantities as shown in table II. This solution
wasg prepared to contain an amount of starch binder equal to 2 percent of
the weight of the powder in the volume added. After the powder had
absorbed the llguld, further mixing was done by holding the contailner on
& vibrator and manipulating wlth a gspatula. The vibrastor was of
constant frequency (60 cycles) and a varlable amplitude. The power
Input and related amplitude could be adjusted to glve rapid mixing.
Vibratlon 1s essentlal during the mixing operation bhecause the low fluid
content does not permit the flow of particles past each other as in
ordinary mechanical mlxing. All the slips would stend without slumping
and only & few of the more fluld could be hand worked without crumbling.
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The redqulirements of a binder for thls process are that 1t impart
sufficlent green strength to the casting, dry well in vacuum, and not
unduly Increase the viscosity of the fluld. Starch was selected after
trial of such conventiocnal materials as gum arabic, gum tragacanth, glue,
gelatin, and methylcellulose.

Deaeration. - Removal of entrapped air in the slip was accomplished
in the apparatus shown schematlcally in figure 1(b). An amount of slip
sufficient for the casting of a specimen was mixed and placed in the in-
Jector. With the plunger locked, a tube with rubber seal was placed over
the Inverted injector and a vacuum of 26 inches of mercury rapldly drawn
while vibrating. After subsidence of the alr bubbles, the vacuum was
quickly releaged to prevent undue evaporstlon. Treatment of the slip
in the injector used for casting minimlizes the entrainment of alr in
handling which might occur if separate vessels were used. TUnlike
commercial deaeration equipment, however, there was no mechanical working
of the slip.

Casting. - After deaeration, the injector was clamped to the mold,
the plunger lock released, and the asgsembly placed on the vibrator as
shown In figure 1(c). The welght of the mold was sufficient to force
the alip intoc the mold under vibration. Mold filling was determined by
ejection of the sllp from the rilsers.

The molds used in the Investlgation are shown in figure 2. Blade d
(fig. 3, mold 1) was patterned on alloy turbosupercharger blades, while
blade £ (mold 2) embodied modificatioms Por a cermet blade. Molds were
prepared from the low-meliing lead-bismuth alloy Cerrotrue as it could
be readlly cast about & wooden pattern. Whlle these molds were Inexpen-
sive and quickly prepared, they are not sufficiently abraslon resistant
and must be chromium plated for Increased mold life. The optlimum mold
material should have a hard surface, good thermal conductivity, and
sufficlent strength to wlthstand freezing pressures.

Freezing. - After detaching the Injector, the fllled molds were
placed in a bath of Varsol (a petroleum fraction) amd solid carbon
dloxide (dry ice). TFreezing times were from 5 to 10 minutes at -40° F.
The freezing rate was controlled by heat-transfer rate through the
relatively heavy molds. No detalled survey of the effects of bath
temperatures was made.

Cagting removal. - Removal of castings from the molds has caused
the greatest difficulty of any step 1n the process. The expansion of
water on freezing, as in the case of type-metal, has the beneficlal
effect that the solldifyling casting 1ls forced to follow the outline of
the mold. However, this expansion does not simplify removal of the
casting. It was found that a thin coating of talc on the chromium-
plated surface of the mold resulted In reasonably satlsfactory casting
removal 1f conslderable care was exercised.
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Drying. - On removal, the frozen castings were placed lmmediately
in 8 vacuum chamber and held at a 1 to 5 mlcrons pressure for 2 hours.
While sublimation produces some cooling, it is still necessary %o
support the casting on an insulator to block out conducted hest and to
prevent melting. No difficulty was encountered in drying turbosuper-
charger blades without dlstortion 1f the castings were placed on a pad
of cotton batting. The light welght of the turbosupercharger blade
probadbly minimizes distortion.

Sintering. - While the freeze-casting process is properly concerned
only with the production of shaped, unsintered objects, subsequent steps
mey be of Ilnterest.

The furnace used ls shown in figure 4. The vacuum is produced by
& conventlional system and heating is by resistance. A tungsten coil
was used as the reslstance element in an enclosed cylinder about the
crucible as shown dlagramatically in figure 1(g). Power input to the
coil was from & motor-driven variasble transformer. As the speed of
the motor driving the transformer control was adjustable over a wide
range, sintering and cooling cycles could be easlly changed. Tempera-
tures were read and recorded from a thermocouple inserted almost to
the center of the crucible.

The only d1lfference to be expected in sintering a freeze-cast
object In its finel form as compared with & cold-pressed bar is that
more precantions are necessary to prevent dilstortion. Packing the
blades In -325 mesh alumine held in a porous alumina crucible with a
sealed top and thermocouple well was found to keep distortion within
allowable limits without loss of powder to the vacuum system.

Infiltration. - Semisintered titanium carbide blades were
inflltrated by the method described in reference 2. Briefly, this
consists In placing the blade vertically in a mold surrounded by &
susceptor in an induction furnace with a plece of the infiltrant of the
deslred welght placed on top of the blade. The ‘temperature 1s then
ralsed until the metal becomes f£luid and is absorbed into the porous
blade by caplllary action.

Evaluations

Densities. - The densities of fully sintered blades were determined
by the conventional water-immersion method. For the green, as-cast
blades, the high porosity and intricate shape made determinations of
volumes difficult. An indirect method was therefore employed. For
this method, blades of dental plastic of known density and negligible
shrinkege were cast in the freeze-casting molds. The volume of the
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mold cavity could then be determined by the water-immersion method. As
the shrinkage of the powder blades was greater than that of the plastic,
the denslities of the freeze-cast blades could only be approximated
using this volume. However, the accuracy was sufficient for comparison
purposes.

Soundness. - Radlographs taken by conventional means were used
as & criterion of soundness. In moet cases both high-~ and low-density
exposures weore made to Iimprove sensitivity.

Effect of vibration frequency on flow of slip. -~ To determine the
frequency at which the slips employed flowed most rapidly, the apparatus
sketched in figure 5 was employed. Thils apparatus consilsts of a £lat
plate with a holder positioned as shown. A 1- by 1- by l-inch cavity
was centered over the plete and llnes were scribed in front of it at
1-Iinch intervals. The plate was mounted on a loud speaker which was
driven by a beat frequency osclllator. The cavity was filled with slip
and trowelled flat to give 1 cublc inch of sample. Measurements could
then be made of the time requlred for the slip to slump and flow out
over a selected line at varlous frequencies. The amplitude, however,
was not controlled.

RESULTS AND DISCUSSION
Applicabllity of Method

Blades cast from titanlum carblde, aluminum oxide, molybdenum
metal, and molybdenum disillicide powder aré shown In Ffigure 3. Data
for these materlals are glven in table II. A composite blade having
an airfoll sectlon of tltanlium carblde and & root of aluminum oxide
is showm in flgure 6. The constiltuents were mixed separately and
charged into the Injector in the proper quentitles and order. Mixing
of the constituents took place only in & narrow zone joining the two.
All the material tried cast in a satisfactory marner and there appears
to be no Jmportent difference in quality of the castings for such
diverse materials as the metal molybdenum and aluminum oxide. It must
be emphasized that the process is one in which technique 1s of consider-
able Ilmportance, and minor differences in the castability of materials
may not have been revealed because of the operator's inexperience.

Molybdenum dlsilicide was used for most of the investigation of
single-component fully sintered blades because of its convenient
sintering temperature and high-temperature strength (ref. 3). The
radiograph of a sound blede 1s shown in figure 7. In this case the
effects of partlcle size and powder-to-liquild ratio in the slip on the
properties of the castings were studied. Some of the propertiss of the
cagt material are glven in table IT.
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A titanium carblde blade infilltrated with Inconel 1s shown In
figure 8(c) with a radiograph (fig. 8(b)) and & radiograph of the
original casting (fig. 8(a)). The behavior of the semisintered freeze-
cagt titanium carbide blade during infiltration was similar to that of
blanks produced by machining semislintered cold-pressed blocks of titanium
carbide (ref. 2). In reaspect to surfaces and radiographic flaws, the
freeze-cast blade compares well with those produced from cold-pressed
blocks. The microstructure as shown on flgure 9 is clean and free from
volds. The freeze-casting method would appear to offer a convenlent
method of preparing preformed blanks Por the iInfiltration technique and
for the production of small intricately shaped parts where the shape
is the important conslderation.

Factors Affecting Soundness

Unsoundness 1in castings made by freeze casting appears to be due
to alr holes, or bubbles, and cracks attrlbuted to shrinkage in drying
or sintering. On the basis of radlographs, segregation does not appear
to be & problem although this might become spparent In larger castings.
The presence of ailr holes may be attributed to lnadequate deaseratlon,
or to entrainment of alr during Injection. It was indicated that,
except for extremely thick slips, the difficulty may be eliminated by
careful deaeratlion and InjJection under vacuum. The problem of crack
prevention appears more dlfficult, and the solution would appear to
lie in reducing drying shrinkasge, as in conventional ceramics (ref. 4).
The vatlo of the powder to liquid by weight In the slip can be computed
from the component welghts listed 1In table II. It was observed that
lower solld-to-liquld ratios tended to give sounder castings as shown
by the radlographs. However, when the fluld content of the sllp was
reduced too drastically, the slip, although castable, could not be
completely deasrated and alr holes were found In the castlngs.

Another factor which has a marked effect on the optimum powder-
to-liquid ratlo and the related cast density 1s the powder partilcle
size. As shown In table II, Increases In particle size for molybdenum
disilicide made 1t posslble to decrease the amount of fluld in the
glip and resulted In higher sllp denslities. The fact that less fluild
is required for equal flow characteristics in a coarse powder may be
attributed to the lower specific surface area. As less surface is
present, less fluld 1s required to wet it. Although densitles can be
improved by increases in particle slze, the maximum that can be employed
will be 1limited by sintering conditions. If powders that are too coarse
are employed, sintering times and ‘temperatures may become excessive.

A study of the effect of vibratlion frequency on the flow character-
igtlcs of a typical titanium carbide slip made on a loudspeaker setup
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(Pig. 5) showed that flow was most rapid at frequencles between 35 and
40 cycles per second. At 60 cycles per second, the flow was only two-
thirds as rapld. The effect of vibration gulckly decreased with further
increase In vibrational frequency, and at 80 cycles and above, nc flow
of the slip was observed to 30,000 cycles per second, the maximum
investigated. The casting vibrator operated at 60 cycles per second.

SUMMARY OF RESULTS

A method of preparing intricately shaped objects from refractory
powders wes investigated.

1. The basic steps in the procedure are:

(a) Preparation of an extremely thick sllp of the powder in a
fluid containing & binder

(b) Casting of the slip into & mold

(¢) Freezing of the slip to retain the shape of the mold
(d) Removal of the liquid by sublimation drying

(e) Sintering of the dried casting

2. A high-density dry casting is deslrable for sound sintered
bodles. This depends on a comblnation of the followlng points to
achleve the desired results:

(a) A high ratio of powder to fluid to reduce drying and
gintering shrinkage

(b) Maximum particle size of the powder compatible with practical
gintering conditions

(c¢) Deaeration of the slip

(d) The use of vibration to move the high-solid-content slips
in casting

Turbosupercharger buckets of good appearance and free of flaws

detectable by radliography were produced 1n both full-sintered and semi-
sintered conditions.

Lewls Flight Propulsion Iaboratory
National Advisory Cammitte for Aeronautics
Cleveland, Ohlo, December 8, 1953
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TABLE I. - POWDER USED IN FREEZE-CASTING INVESTIGATION

Powder Sources Particle size, percent
Mob5i,, NACA 100 Minus € microns
"Small particle size" 98 Minus 1 micron
MoSl,, NACA 1 Larger than 15 microns

1

"Large particle size'

1 Sweller then 15 microns, larger than 11 microns
3 Smaller than 11 microns, larger than 7 microns
11 Smaller than 7 micrens, larger than 3 microns
35 Smeller than 3 mlcrons, larger than 1 micron
51 Smaller than 1 micron

Titanium carbide

Kennametal, Inc.

10.4 Smaller than 1l mlecrons, greater than 7 microns
58.2 Swaller than 7 microns, greater than 3 microns
29.2 Smaller than 3 microns, greater than 1 micron
2.9 Smaller than 1 micron

Molybdenum metal

Charles Hardy Co.

4 Microns average particle size

Aluminam oxide

Norton Co.

100 Minug 325 mesh
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TARLE IT. - DATA FOR REFPRESENTATIVE FREEZE CASTINGS
Powder Slip Powder-to- Denslty Radio-| Appearence
particle slzelpoyder, [Liquid,| 119944 [ Dried [Sintered|&reph
(a) g ml ratio casting
Molybdenum disilicide
Small -1 20 6.2 3.22 -——— ——— Poor Goeod
Small -1 25 8.25 3.03 ———— -_— ———— Good
Large -2 25 4.7 5.31 2.76 ——— Poor | ~-===-e-=
Large -2 30 3.8 7.89 2.92 5.84 ---- | AiT holes
Large -2 30 5.8 5.17 ~——— 5.58 Good Good
Large -2 30 5.8 5.17 2.88 5.65 Good Good
Aluminum oxide
5 20 5.9 3.38 ————— ——— Good Good
Molybdenim metal
4 25 6.2 4.03 ———— - —— Good
Titanium carblde for Infiltration

3 30 6.25 4.80 2.44 ——— Poor Good,

3 30 5.85 5.30 2.54 -——— Good | Alr hole

3 30 5.70 5.20 2.59 ———— Good Good

Composite blade alumina root, molybdenum dlsllicide
5 10 4.2 ——— ——— —_——- wmwm | mm e a
1 20 2.4 ——— ———— ———— mermm | e

aNum'bers refer to particle slze data on table I,
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(¢} Injection or

cagting.

Thermocouple

(b) Deaerstion.

&
:
Ay

Reslsgtance
colls

4

{a) Mixing.

Vibrator ks

\

12

4
g
:

Alumins

CD-2788
Steps (d), freezing; (e), casting removal;

)} Sintering (or presinter-

ing for infiltretion).

(s

and {f), drying are not shown.

Figure 1. - Steps in freeze-cast method.
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(a) Mold 1, (b) Mola 2,

Figurs 2. - Chromium-plated Cerrotrue dles ae ussd for fresze-casting sxperiments. Castings were mede with root
section up.

C-27975

TZIESE Wi VOVM



Figure 5. - Freeze-casl turbosupercharger blades as casb.
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Figure 4. - Vacuum furnace
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and autamatic control.
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Extra furnaoce head at left.



1- by 1~ by l-in.

Loudspeaker

CD-3279

To beat
frequency
oscillator

Figure 5. - Plate and cavity arrangement used for measuring the effect of

vibratory frequency on speed of flow of thick slips.
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Flgure 6. - Camposite

frosze-cast turbosuperocharger blede in as-cast conditiom., Titanium carbide blade, alimina
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Figure 7. - Badiograph of molybdenum disilicide pintered blade.
RHE T o

C-34415

{a) Badlogyaph of blade after (v) Radiograph after infil- (c) Photograph of
:proa%nter:mg for 2 hours at trating with Inconel. finighed blads.
2300~ F.

Figure 8. - Infiltrated titaniwm carblde plue Tnecmsl blade at varions stagea In preparatiom,
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Figure 9. - Photomlcrograph of freeze-cast titanium carbide infiltrated with Inconel,

NACA-Langley - 3-8-54 - 350
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